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Release of neurotransmitter typically occurs at axonalHow to Make a Relationship Last:
swellings, termed varicosities, in contact with the pro-Release Sites with Different cesses of a postsynaptic neuron. An examination of the
varicosities of the Aplysia sensory neurons in contactLevels of Commitment
with the motor neuron revealed that a significant propor-
tion of them are “empty,” i.e., they do not contain synap-
tic vesicles (Figure 1). Rapid filling of many of these
empty varicosities can, however, be achieved by stimuliStimulus-induced changes in synaptic strength en-
that produce facilitation of transmission that lasts for atdure for periods ranging from minutes to days. In this
least 30 min. One of the stimuli used by Kim et al. (2003)issue of Neuron, Kim et al. show that two distinct types
comprised four consecutive applications of a low con-of synaptic change—synaptic vesicle movement into
centration of 5-HT. This neurotransmitter is known topreviously empty varicosities and formation of new
activate both the protein kinase C and the cyclic AMP-varicosities—may determine intermediate- versus long-
dependent protein kinase signaling pathways. The fourterm synaptic facilitation.
applications of 5-HT produce only an intermediate-term
synaptic facilitation that endures for about 3 hr. TheOne of the most striking aspects of a neuron that differ-
filling of the empty varicosities with synaptic vesicles,entiates it from most other cell types is the sheer number
measured 3 hr after stimulation, is unaffected by anand variety of its subcellular compartments. For exam-
inhibitor of protein synthesis, implying that simply a re-ple, neuronal somata, axons, dendrites, nodes of Ran-
arrangement of preexisting components has occurred.vier, and growth cones express very different patterns
As the facilitation waned with time, the newly filled vari-of proteins that are required for their specific functions.
cosities again lost their vesicular content and, after 24To a first approximation, a neuron can be considered
hr, these varicosities had returned to their empty state.to comprise a number of very different cell types linked
It takes more than an accumulation of synaptic vesi-to a common nucleus. With an appropriate pattern of
cles to form an active release site. It also requires thestimulation, a neuron may selectively modify the mor-
machinery for their release, including voltage-depen-phological and electrical properties of one or more of
dent calcium channels and the presynaptic plasmathese specific compartments, resulting in changes in
membrane proteins that control exocytosis (Ahmari etanimal behavior and learning that may endure for peri-
al., 2000; Garner et al., 2002). Kim et al. (2003) suggestods ranging from only a few minutes up to the life of
that many of these may also be recruited en masse tothe animal.
the previously empty varicosities. The rapid directedOne clear and extensively investigated example of
movement of vesicles and other components requiredchanges in neuronal properties that underlie a change
for release to construct a functioning release site mayin behavior is the connection between the sensory and
be a relatively general phenomenon in neurons both inmotor neurons that underlie the gill-withdrawal reflex
the developing brain and in the adult. For example, re-in Aplysia. In response to repeated stimulation or, in
lated morphological changes occur in peptidergic neu-
vitro, to repeated applications of the neurotransmitter
rons of Aplysia upon activation of protein kinase C and
5-hydroxytryptamine (5-HT), this synaptic connection
the cyclic AMP-dependent proteins kinase, the two
undergoes facilitation, and the time course of this facili-
pathways that are activated by 5-HT in the sensory neu-
tation depends on the intensity and duration of the stim- rons (Knox et al., 1992). In the peptidergic neurons, this
ulus (Ghirardi et al., 1995; Sutton et al., 2001). Kim et al. leads both to a change in the rate of movement of the
(2003 [this issue of Neuron]) have now found that the secretory organelles and to their movement into pre-
duration of synaptic facilitation may be determined by viously organelle-free domains, including the actin-rich
differential regulation of two different neuronal sub- lamellipodia of growth cones at the distal end of neu-
compartments, mature functional synaptic terminals rites. As a result, these are transformed into bulb-like
and “empty” axonal varicosities. endings engorged with vesicles. Simultaneously, the ac-
Kim et al. (2003) used three different imaging proce- tivation of protein kinase C results in the appearance of
dures, coupled with electrophysiological recordings, to new voltage-dependent 1A calcium channel subunits
track changes in the presynaptic terminals of the sen- at these distal endings, probably by their insertion from
sory neurons following facilitation of this synaptic con- a pool of subplasmalemmal vesicles (Knox et al., 1992;
nection in culture. A fluorescent dye was used to visual- White et al., 1998).
ize the entire outline of a sensory neuron and of its More intense stimulation of the sensory neurons,
axonal arbors that contact the motor neuron. The loca- achieved in vitro using five consecutive pulses of a much
tion of synaptic vesicles was imaged by transfecting higher concentration of 5-HT, produces long-term facili-
the sensory neurons with a synaptic vesicle protein, tation that lasts at least 24 hr. At first, the changes that
synaptophysin tagged with green fluorescent protein. occur in the terminals of the sensory neurons resemble
Finally, synaptic endings were determined as functional those produced by the weaker stimulus that produces
or nonfunctional by transfecting with synapto-pHluorin, only intermediate-term facilitation. In particular, rapid
which localizes to the lumenal face of synaptic vesicles, filling of previously empty varicosities with synaptic vesi-
where its fluorescence is suppressed by the acidic envi- cles can be detected as soon as 30 min after stimulation.
ronment of the vesicle. When a vesicle undergoes exo- Nevertheless, there appears to be an important differ-
cytosis, the protein is exposed to the more basic exter- ence in the mechanism by which these previously empty
nal medium, and the fluorescence of this protein vesicles become filled. In contrast to the weaker stimu-
lus, which after 3 hr produced filling that required onlyincreases (Miesenbock et al., 1998).
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Figure 1. A Model for Changes in Sensory
Neuron Axonal Varicosities during Intermedi-
ate-Term and Long-Term Facilitation of Syn-
aptic Transmission
preexisting components, the filling of the empty varicos- distinct cytoskeletal specialization. An array of filaments
link mitochondria to the presynaptic plasma membrane,ities that is measured 3 hr after the stronger stimulus is
completely blocked by preventing new protein synthe- and chains of vesicles are aligned on these filaments.
(Tolbert and Morest, 1982; Rowland et al., 2000). In con-sis. It is not yet known how the mechanism that causes
a rearrangement of preexisting components to fill empty trast, close to the peripheral regions of such terminals,
growth cones can be detected even in adult animalsvaricosities is suppressed by the stronger stimulus to
become supplanted by a protein synthesis-dependent (Jones et al., 1992). Although synaptic vesicles and ac-
tive zones can be found at the peripheral sites, thesemechanism for filling. Nevertheless, with the stronger
stimulus, there is no loss of vesicles from the release lack the characteristic array of filaments with their asso-
ciated mitochondria (Rowland et al., 2000). It is possible,sites over time, and the varicosities remain filled even
after 24 hr. therefore, that the cytoskeletal organization of the cen-
tral regions represents stable release sites, while theThe long-term filling of preexisting varicosities cannot
account fully for long-term facilitation. The stronger pat- synaptic contacts closer to the periphery of the terminal
represent more labile sites that can be recruited or sup-tern of stimulation that induces long-term facilitation
also produces a second form of morphological re- pressed according to the ongoing pattern of synaptic
traffic.arrangement that is the major source of new release
sites detected at 24 hr. Beginning about 12 hr after The existence of distinct types of synaptic endings,
which elect to function either as “full-time” or “part-stimulation, entirely new varicosities come into being.
These bear a full complement of vesicles and are capa- time” release sites, raises novel questions. How and
when do the “empty” varicosities form? What are theble of releasing them. Many of these new varicosities
appear to be formed by budding off from preexisting signals that eventually grant “tenure” to a newly formed
functional release site? Work with nonneuronal cells hasfilled varicosities. These findings on Aplysia sensory
neurons indicate that neurotransmitter release may oc- provided insights into the mechanisms that regulate the
stability, survival, and death of an entire cell. It remainscur from two distinct synaptic compartments, a labile
compartment that can be rapidly and reversibly remod- to be determined whether any of these mechanisms
have been coopted into the regulation of autonomouseled into an active release site and a stable compartment
that, under appropriate stimulation, may undergo fission neuronal subcompartments such as synaptic endings.
to produce new stable synaptic contacts.
The coexistence of two distinct compartments with
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